Effects of cocaine on the muscle nicotinic acetylcholine receptor were investigated by using a chemical kinetic technique with a microsecond time resolution. This membrane-bound receptor regulates signal transmission between nerve and muscle cells, initiates muscle contraction, and is inhibited by cocaine, an abused drug. The inhibition mechanism is not well understood because of the lack of chemical kinetic Cocaine is a commonly abused drug (1), with more than five million addicts in the United States alone (2). Cocaine abuse can result in myocardial ischemia, seizures, hypothermia, and sudden death (3). The drug inhibits nicotinic acetylcholine receptors (4-6) on central nervous system neurons and muscle cells and muscarinic acetylcholine receptors on cardiac, vascular, and other smooth muscles (7, 8) . Cocaine and its analogs antagonize nicotine-induced seizures in mice by inhibiting nicotinic ion-channel receptors (9). The mechanism by which cocaine inhibits the muscle nicotinic acetylcholine receptor is the subject of this report.
step (ti,2 70 ms) leads to a receptor form that cannot form transmembrane channels, and acetylcholine receptormediated signal transmission is, therefore, blocked. Implications for the search for therapeutic agents that alleviate cocaine poisoning are mentioned.
Cocaine is a commonly abused drug (1) , with more than five million addicts in the United States alone (2) . Cocaine abuse can result in myocardial ischemia, seizures, hypothermia, and sudden death (3) . The drug inhibits nicotinic acetylcholine receptors (4-6) on central nervous system neurons and muscle cells and muscarinic acetylcholine receptors on cardiac, vascular, and other smooth muscles (7, 8) . Cocaine and its analogs antagonize nicotine-induced seizures in mice by inhibiting nicotinic ion-channel receptors (9) . The mechanism by which cocaine inhibits the muscle nicotinic acetylcholine receptor is the subject of this report.
The results of many electrophysiological and chemical labeling experiments led to a commonly accepted mechanism by which inhibitory organic cations, including procaine, atropine, scopolamine, and cocaine, enter the receptor channel after it has opened and sterically block the transmembrane ion flow and, thereby, signal transmission between cells (10) (11) (12) (13) (14) (15) . De- viations from this simple channel-blocking mechanism have been noted in some electrophysiological experiments (16) (17) (18) (19) (20) , and the binding of inhibitors to closed-channel forms of the The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
receptor has been suggested (4, 5, 16) . A mechanism that involves the binding of an inhibitor to a regulatory site on the closed-and open-channel forms of the receptor (Fig. 1) can be distinguished from the channel-blocking mechanism, providing one can determine the effects of inhibitors on the rate constants for both channel opening and closing (23) . A chemical kinetic technique suitable for such measurements was recently developed (23) (24) (25) to obtain information about the chemical mechanism of neurotransmitter-gated receptors that can form open ion channels in the submillisecond region.
The technique, employed here, utilizes photolabile inert precursors of neurotransmitters that can be equilibrated with receptors on the surface of single cells (23) (24) (25) . A laser pulse liberates the neurotransmitter in the microsecond time region. The released neurotransmitter binds to the receptor, which forms an open channel; the resulting current can be measured by a whole-cell current-recording technique (26) . The technique we used, with a 100-,us time resolution, allows one to (i) separate sequential steps of the reaction along the time axis and (ii) investigate the reaction in whole cells over a wide concentration range of neurotransmitter and other ligands. Consequently, it is possible to determine (i) the rate constants for both the opening (kop) and closing (kc1) of receptor channels (25) , (ii) the dissociation constant for the neurotransmitter-binding site that controls channel opening (25) , and (iii) the effects of inhibitors on kop and kc1 separately and, therefore, the dissociation constants for the binding of inhibitors to the closed-and open-channel receptor forms independently (23) . Such measurements have been made with the acetylcholine receptor in BC3H1 muscle cells (25) , including the effects of the inhibitor procaine on channel-opening and -closing rates (23) . In this report, we have used the same technique and cell line to study the effects of cocaine on the receptor. The results are inconsistent with the channel-blocking mechanism (10) (11) (12) (13) (14) (15) . A mechanism in which cocaine binds to a regulatory site on the receptor and inhibits the opening of the receptor channel is consistent with the results.
MATERIALS AND METHODS
Cell Culture and Whole-Cell Recording. The BC3H1 cell line, which expresses muscle type nicotinic acetylcholine receptors (27) , was cultured as described (28) . The equilibration of these cells with various ligands using a cell-flow technique (29) (30) (31) and the determination of the whole-cell current (26) due to opening of receptor channels have been described in detail (29) (30) (31) .
Laser-Pulse Photolysis. Caged carbamoylcholine [N-(acarboxy)-2-nitrobenzyl]carbamoylcholine (24) in the presence or absence of cocaine was equilibrated with a BC3H1 cell in the whole-cell recording mode. A Candela UV 500 flash-lamppumped dye laser, with oxazine 720 perchlorate (Exciton) as the laser dye, was used for photolysis at 343 nm. The time §To whom reprint requests should be addressed. constants for the rising phase of the whole-cell current were fitted by u,sing the data analysis programs ORIGIN (MicroCal Software) and LOTUS. All other details of the procedure have been described (23, 25) .
RESULTS AND DISCUSSION
In laser-pulse photolysis experiments (Fig. 2) , an inactive photolabile precursor of carbamoylcholine (caged carbamoylcholine) (24) was equilibrated with a BC3H1 cell suspended from a current-recording electrode (26) . When carbamoylcholine was released from the caged carbamoylcholine by a laser pulse, acetylcholine receptor channels opened and the current flowing through them was recorded (Fig. 2) . From these results the effects of cocaine on both the rates of channel opening and closing and the amplitude of the whole-cell currents, a measure of the concentration of open receptor channels, can be determined.
Effect of Cocaine on the Concentration of Open Receptor Channels. The amplitude of the observed whole-cell current decreased with increasing cocaine concentration, indicating that cocaine inhibits the receptor (Fig. 2) . To determine the effect of cocaine on the concentration of open receptor channels, we measured the ratio of the maximum current amplitude in the absence, Im., and presence, Imax(10), of cocaine as a function of cocaine concentration [ Fig. 3A and Appendix, Eq.I(i)]. The maximum current amplitude was measured with laser-pulse photolysis and with a cell-flow technique (10-ms time resolution) that allows one to correct the observed current for receptor desensitization (30) . The photolysis and cell-flow techniques give similar results within experimental error (Fig. 3A) . The solid lines in Fig. 3A (Fig. 1) .
Effect of Preincubation of the Receptor with Cocaine. The experiments in Fig. 3 allow one to obtain an estimate of the rate at which cocaine inhibits the acetylcholine receptor. The dashed lines in The whole-cell current amplitudes, after correction for desensitization occurring during the rising phase of the current (30) , are 1680 ± 20 pA, 1250 ± 34 pA, 816 ± 31 pA, for parts a-c, respectively. All the current traces were recorded for 12 s but for clarity only the first 5 s are displayed.
when the cell was preincubated with cocaine for only 70 ms (line b), less inhibition occurred than when it was preincubated for 200 ms (line c). Furthermore, less inhibition occurred in the presence of 100 ,tM carbamoylcholine (Fig.  3A , line c) than in the presence of 20 ,uM carbamoylcholine (Fig. 3A, line b) , even though in the former case the concentration of open receptor channels is 10 times higher (30) .
The channel-blocking mechanism predicts that as the concentration of open receptor channels increases both the rate with which the inhibitor reacts and the affinity of the receptor for cocaine increase. The experiments in Fig. 3 indicate, however, that cocaine reacts more rapidly with the closedchannel form than with the open-channel form and that cocaine binds with a 6-fold greater affinity to the closedchannel forms than to the open-channel form (Fig. 3A) . These results are inconsistent with a mechanism in which cocaine can inhibit the receptor only by entering the receptor channel after it has opened and blocking it, i.e., the channel-blocking mechanism (10) (11) (12) (13) (14) (15) . Whether the binding site associated with the open-channel form, which binds cocaine 6 times less strongly than the closed-channel forms, is the same as or different from the high-affinity inhibitor-binding site on the closed-channel forms cannot be determined from these experiments.
The effect of the duration of receptor exposure to cocaine is examined in more detail in Fig. 3B . Solutions containing 20 ,uM carbamoylcholine in the absence (Fig. 3B, part a) or presence of 60 AM cocaine (Fig. 3B, parts b and c) were used in these cell-flow measurements. The current first increased as the receptor channels opened and then decreased as the receptors desensitized (became transiently inactive). The decrease in the maximum current amplitude (in parts b and c) reflects receptor inhibition by cocaine. In part b, the receptors were preincubated with cocaine for -70 ms and in part c the receptors were preincubated with cocaine for 200 ms. The results indicate that in 70 ms the inhibition reaction was only -50% complete. The inhibition reaction is, therefore, slow compared to channel opening (t112 < 2 ms). This accounts for the observation (Figs. 2 and 3 ) that the current amplitude decreases with increasing inhibitor concentration and predicts that the decrease in current amplitude is not accompanied by a concomitant decrease in the rate of either channel opening or closing (Eq. II).
Effect of Cocaine on the Rates of Channel Opening and
Closing. First-order plots of the rising phase (Fig. 2) of the current measured in the absence or presence of cocaine are shown in Fig. 4A . The slope of each line is proportional to the observed rate constant (kobs) for the rising phase of the current, which follows a single exponential rate over 85% of the reaction in all the measurements. At 100 ,uM released carbamoylcholine, where the observed rate constant reflects mainly kop (23, 25) , cocaine has no effect on kobs. Surprisingly, however, at 20 ,uM released carbamoylcholine, where kobs reflects kci (23, 25) , k.bs increased 1.5-fold in the presence of cocaine. The effects of cocaine concentration on the values of kobs for the current rise (Fig. 2) at these concentrations of released carbamoylcholine are summarized in Fig. 4B . Not only does cocaine not decrease the rate of either channel opening or closing, it in fact increases the rate of channel closing.
The bimolecular rate constant for the interaction of another cationic inhibitor, procaine, with the acetylcholine receptor has been reported to be in the region of 107 M-l.S-1 (16), which is typical for small molecule-protein interactions (32) . The time required for cocaine to inhibit the receptor (Fig. 3) , in the cocaine concentration range investigated, is too long to be consistent with a bimolecular process. Diffusional access of cocaine to its binding site can be slow, but it is not expected to depend on the concentration of carbamoylcholine as was observed in the experiments (Fig. 3A) . That cocaine inhibition is solely due to its effect on the cell membrane is unlikely because cocaine competes with the local anesthetic QX-222 for the inhibition site (L.N. and G.P.H., unpublished results). In the absence of additional evidence, the mechanism in Fig. 1 assumes a slow cocaine-induced interconversion of active receptor-cocaine complexes (IAn) to inactive ones (IA*Ln).
The increase in the channel-closing rate when cocaine was present (Fig. 4) is also consistent with the existence of an active cocaine-receptor complex. As the cocaine concentration was increased from 20 to 60 ,uM, the rate of channel closing increased 1.5-fold. If this increase in channel-closing rate represents a bimolecular reaction of the receptor with inhibitor leading to a closed channel, the channel-closing rate is expected to increase as the concentration of inhibitor is increased. However, when the cocaine concentration was increased from 60 ,uM to 120 ,uM, the rate remained the same. 20 ,uM carbamoylcholine in the absence (open symbols) or presence (solid symbols) of 60 ,iM cocaine is indicated by circles. The data shown were from a single cell; they were collected at a sampling frequency of 50 kHz (for clarity every 25th point is shown). Control, k.bs = 500 + 10 s-1; 60 ,uM cocaine, kobs = 900 ± 35 s-'. Currents induced by 100 ,uM carbamoylcholine in the absence (open symbols) or presence (solid symbols) of 400 ,uM cocaine are indicated by squares. The data shown were from another single cell; they were collected at a sampling frequency of 50 kHz (for clarity every 5th point is shown). In the presence and absence of 400 ,uM cocaine, kobs = 2060 ± 125 s (B) Effects of cocaine on k.b. for the current rise time determined by the laser-pulse photolysis technique. Each data point represents three measurements, each measurement made with a different cell. The observed first-order rate constant was measured from the rising phase of the whole-cell current generated by 20 ,iM (cl) or 100 ,uM (0) released carbamoylcholine in the presence or absence of cocaine.
The data can be accounted for by the rapid formation of an open-channel-inhibitor complex, IAL2, followed by a conversion to an inactive receptor form IA*L2 that is slow compared to channel closing (Fig. 1) . The observed cocaine-induced increase in the channel-closing rate can be accounted for by a closing rate associated with IAL2 that is larger than that associated with AL2 (Fig. 1) . The observed cocaine-induced increase in the channel-closing rate predicts a decrease in the lifetime of the open channel. A cocaine-induced decrease in the lifetime of the acetylcholine receptor has been observed in single-channel current recordings from frog muscle (5) and BC3H1 cells (data not shown).
Mechanism of Inhibition by Cocaine. The conclusions derived from the present study are summarized in the form of a minimum mechanism in Fig. 1 and are as follows. (i) Cocaine binds to a regulatory site on the receptor and inhibits channel opening. Cocaine also binds to the open-channel form, but with a 6-fold lower affinity than to the closed-channel forms. Support for this conclusion is drawn from the following observations. When the receptors are mainly in the openchannel form, inhibition requires an -6-fold higher concentration of cocaine than when they are mainly in the closedchannel forms (Fig. 3A) . The rate of the inhibition reaction decreases as the concentration of open channels increases (Fig.  3A) . (ii) In the presence of cocaine, the concentration of open channels is reduced due to a slow process that leads to inactive receptor forms, IA*L,, where n is 0, 1, or 2. This is indicated by the results in Fig. 3 showing that inhibition of the receptor by cocaine is slow (tQ12 70 ms) compared to channel opening (tK12< 2 ms; Fig. 2 ). The slow step in receptor inactivation by cocaine accounts for the observed decrease in the number of receptor channels that can open in the presence of cocaine without a concomitant decrease in the rate constants for channel opening and closing (Figs. 2 and 4) .
The assumptions used to solve rate equations for the mechanism in Fig. 1 [IIB]
The symbols are defined in the legend to Fig. 1 , and it is assumed that kop is not affected by the binding of cocaine (Fig.   4B ). It and Ima, represent the current observed in photolysis experiments at time t and when the current has reached its maximum value. Eqs. I and II account for the results shown in Fig. 2 , namely, decreasing current amplitudes and increasing closing rate constants with increasing cocaine concentrations but no apparent effect of cocaine on the rate constant for channel opening.
The results described here, and those obtained previously (4, 23) , indicate the existence of a regulatory (inhibitory) site on the muscle nicotinic acetylcholine receptor that inhibits the opening of the ion channel and, therefore, signal transmission between cells. The design of therapeutic agents for alleviating the toxic effects of inhibitors such as cocaine depends on a knowledge of the inhibition mechanism. The regulatory site mechanism suggests the possibility of finding therapeutic agents that compete with cocaine for the regulatory site but do not inhibit channel opening and signal transmission. This strategy may not work if cocaine binds inside receptor channels only after they open and sterically blocks them (10) (11) (12) (13) (14) (15) . The present findings add to previous studies (for review, see ref. 33) demonstrating the usefulness of rapid chemical kinetic techniques developed to elucidate the underlying mechanisms of neurotransmitter receptors in living cells (23) (24) (25) 33) . These techniques may be useful in answering many of the remaining questions regarding the chemical mechanism by which neurotransmitter receptors are activated, regulated, and inhibited by a large number of clinically interesting compounds (34) , the action of which, on the molecular level, is not well understood. [I(ii KI and KI have been defined above and KC = kb/lk (see Fig. 1 ).
The following assumptions were made in deriving the equations per.taining to the reaction scheme in Fig. 1 (Fig. 1) . With these assumptions, the differential equations pertaining to the reaction scheme in Fig. 1 
